Sequential three-step three-photon near-infrared quantum splitting in β-NaYF4:Tm3+ Appl. Phys. Lett. 100, 191911 (2012) Full characterization and optimization of a femtosecond ultraviolet laser source for time and angle-resolved photoemission on solid surfaces Rev. Sci. Instrum. 83, 043109 (2012) Support effects on the atomic structure of ultrathin silica films on metals Appl. Phys. Lett. 100, 151608 (2012) Investigation of the accuracy of the spectral photocurrent method for the determination of minority carrier diffusion length J. Appl. Phys. 111, 074503 (2012) Observation of the photoinduced anomalous Hall effect spectra in insulating InGaAs/AlGaAs quantum wells at room temperature Appl. Phys. Lett. 100, 142109 (2012) Additional information on J. Appl. Phys. The oxidation of transition metal nitrides is examined by atomic force microscopy ͑AFM͒ and photoemission electron microscopy ͑PEEM͒ in the temperature range of 25-800°C in an ultrahigh vacuum study. The roughness of the surfaces of thin film coatings of vanadium ͑V͒, vanadium nitride ͑VN͒, titanium nitride ͑TiN͒, and TiAlVN, monitored as a function of ͑a͒ constant dose of 50 000 L ͑1 L=10 −6 Torr s͒ O 2 at various temperatures and ͑b͒ oxygen dose at a constant temperature of 800°C, is found to increase for all samples except TiAlVN. The morphological parameters ͑roughness and oxide grain volume͒ obtained from AFM are used to determine the extent of oxidation. The activation energy for the growth of oxide on the surface is calculated to be in the range of 0.4-0.5 eV for all samples containing V atoms and 1.6 eV for TiN. PEEM images of the pristine surfaces of TiN and TiAlVN show surface precipitates of the order of 5 -50 m size. The workfunction of all surfaces and precipitates, obtained from photoemission spectra using PEEM, in combination with the effective activation energies measured by AFM, suggests that the main surface precipitate of TiAlVN is VN or VO x N y .
I. INTRODUCTION
The cost benefit of applying ultrahard, self-lubricating coatings to precision tools for use in machining, drilling, die molding, and other industrial applications 1 is twofold. First, there is added protection of tooling heads or molding die, which increases the tool lifetime, and second there is a reduced need for expensive and environmentally polluting lubrication fluids used for cooling. 2 During typical use, drill bits and machining tools will generally run under ambient oxygen pressures and elevated temperatures ͑even as high as 1000°C͒. 3 It is therefore paramount that candidate materials for ultrahard self-lubricating coatings be inherently oxidation resistant over the temperature range of operation of the tool bit. More recently, a subtle and more inventive approach has been adopted whereby coating materials are designed to become intrinsically lubricating at high oxygen pressures and elevated temperatures. Following this approach, several groups have developed multicomponent coatings that combine the hardness of transition metal ͑TM͒ nitrides and the inherent lubrication of the shear planes of Magnéli phases of some TM oxides ͑e.g., V or Ti͒. [4] [5] [6] [7] [8] [9] [10] The favorable temperature range for V oxide Magnéli phase formation in air 11 appears to be between 500 and 700°C. The aim is thus to fully harness the self-lubricating properties without leading to the detriment of other surface properties such as hardness and wear resistance. 12, 13 In order to find a good balance of surface properties, in this paper, we present data obtained on the oxidative behavior of several candidate coatings, including VN, TiN, TiAlVN, and V as a reference sample, in the temperature range of 25-800°C using atomic force microscopy ͑AFM͒ and photoemission electron microscopy ͑PEEM͒. The oxidation of metals may be achieved in many ways, such as Fromhold-Cook 14 electric-field driven migration of oxygen ions into the bulk from the surface ͑which may be limited by the ability of electrons to tunnel up through an ever thicker insulating oxide layer͒, by diffusion of oxygen into the bulk ͑by high oxygen pressures rising the oxygen chemical potential͒, or conversely by metal atoms migrating to the surface whereupon oxidation can take place. Likewise, oxidation can also be assisted by the morphology of a surface and its underlying bulk. Grain boundaries and cracks can assist all mechanisms described above by increasing the effective surface area of gas-solid interaction or by facilitating the migration of metal atoms ͑or partially oxidixed atoms͒ to the surface for further oxidation. Oxidation from a gas transforms molecular oxygen into bulk oxide products. This process increases the bulk mass and volume by an amount that is determined by the final oxidation state of the metal atoms. The effective volume increase is, however, the product of several other factors such as ͑a͒ the porosity of the oxide material formed, ͑b͒ the relative composition of multioxidation state metal oxides, and ͑c͒ the depth of oxide formation into the bulk ͑the deeper into the bulk the oxide is formed, the smaller the effect on the measured surface͒. In this study, changes in surface topography are evaluated by two different methods: ͑a͒ the change in surface roughness and ͑b͒ the change in the total surface grain volume. Monitoring the evolution of the surface roughness with increasing oxidation temperature or increasing oxygen dose by AFM, and through the use of grain analysis by image processing software, enabled the roughness, grain height distribution, and effective activation energies for surface oxide formation to be determined. Monitoring the oxidation pro-cess by PEEM also revealed details of the distribution of oxide products on the surface and their corresponding workfunctions.
The AFM measurement of the oxidixed surface of VN allows the effective oxidation activation energy to be determined and is found to be very similar to the activation energies for the increase in oxide volume on the surface of TiAlVN and V. The combination of AFM and PEEM data enables the composition of the surface precipitate of TiAlVN to be determined. Upon oxidation, it is mostly composed of oxidixed VN and Al in accordance with x-ray photoemission spectroscopy ͑XPS͒ data. 15 The workfunctions of the sputtered clean and oxidized surfaces, when compared to each other and to published values, suggest that VN is a precipitate of the TiAlVN surface. The onset of heavy oxidation of VN at 400°C, as determined by the roughness analysis of the AFM images, is in agreement with the onset temperature of the low friction regime of VN.
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II. EXPERIMENT
The experiments were performed in a custom-designed, combined AFM/scanning tunneling microscopy ͑STM͒-PEEM UHV instrument. Coatings of VN, V, TiAlVN, and TiN were deposited ex situ by unbalanced dc magnetron sputtering of target materials ͑by reactive Ar+ N 2 discharge͒ onto polished 1 cm diameter steel disks as described in more detail in Ref. 13 . Samples, introduced via a fast-entry loadlock into the UHV chamber ͑base pressure of Ͻ3 ϫ 10 −10 mbar͒, were cleaned by mild Ar + sputtering ͑10 A, 1.5 kV, 30 min͒ to remove surface contaminants and are hereafter referred to as "pristine" surfaces. The multicomponent TiAlVN sample was surveyed by XPS analysis. 15 The relative surface composition after surface cleaning was determined to be Ti ͑12 at. % ͒, Al ͑24 at. % ͒, V ͑15 at. % ͒, and N ͑49 at. % ͒. Differential sputtering effects during the surface cleaning procedure were not significant. Following cleaning, the samples were transferred, via a magnetically coupled transfer rod, to an Omicron VT-AFM/STM stage. Noncontact AFM ͑NC-AFM͒ images ͑7 ϫ 7 m 2 ͒ were acquired in constant-height frequency-modulated tapping mode with a tip z-amplitude of 8.3 nm, a constant frequency shift of −10 Hz, and a scanning speed of 9333 nm/ s. The bias voltage applied to the etched conductive silicon cantilever 17 was kept to a minimum and ranged between 2 and 5 V depending on the sample measured ͑to compensate for tip charging during scanning in UHV that is exacerbated by the large resistivity of thick oxide͒. The proportional loop gain was adjusted between 1% and 30% to maintain reliable imaging conditions on both smooth and rough surfaces. Variation of the NC-AFM parameters was directed towards minimizing the surface roughness measured for all samples, e.g., reducing noise by reducing loop gain, in order to allow for quantitative comparisons ͑amplitude and frequency shift were, however, kept constant͒. Heating and oxidation were performed on a sample manipulator by indirect heating via electron bombardment and O 2 dosing of 50 000 L ͑1 L=1 ϫ 10 −6 Torr s͒ from a leak valve at 5 ϫ 10 −5 mbar, respectively. Image analysis was performed using the scanning probe image processor 18 ͑SPIP͒ software package from Image Metrology™. Second-degree polynomial linewise plane corrections and averaged plane corrections were performed on all images prior to roughness and grain analysis. Grain analysis, used to calculate surface oxide volume, was carried out by a software integration of the grain height over an area delineated by the grain contours as determined by the threshold height. Grain volume integration for each AFM image allows the relative increase in oxide grain volume to be determined.
The PEEM measurements were carried out using a FOCUS/Omicron PEEM instrument in high magnification mode using a Mercury HBO 103W/2 discharge lamp ͑maxi-mum of 4.9 eV͒ for illumination at an angle of incidence of 25°. Image contrast in PEEM makes use of laterally distributed local workfunction differences that result in varying yields of photoelectrons. Since an optical illumination source is used, reflectivity differences on the surface contribute also to the final image in the form of topographical contrast. Using a high-pass energy filter, photoelectron emission spectra were obtained by sweeping the sample potential with respect to a fixed grid potential, thus in effect probing the onset and cut-off energies of the photoelectrons emitted. A relative electron yield, at a particular kinetic energy, is obtained by differentiating the energy filter integral intensity. The onset of the Fermi-edge photoelectrons is probed at high bias voltages, whereas the cutoff of the secondary photoelectrons is probed at low bias voltages. The full energy width of the photoelectron distribution is directly related to the workfunction of the surface. The advantage of PEEM is that several areas of interest can be selected in order to obtain photoemission spectra of particular sites on a surface.
III. RESULTS
A. Roughness measurements
In order to assess and compare the performance of TM nitride coatings upon oxidation, each sample was successively exposed to a dose of 50 000 L of O 2 ͑p =5 ϫ 10 −5 mbar͒ at temperatures ranging from room temperature ͑25°C͒ to 800°C. After each successive dosing, each sample was allowed to cool and then reimaged by AFM. Following this procedure enabled changes to the surface upon oxidation to be monitored. Owing to the fact that the samples were repeatedly transferred back and forth to the AFM stage, the AFM images given in Figs. 1 and 2 are representative of the overall surface measured and are not specific to a certain location on the sample surface.
In Figs. 1 and 2, 7ϫ 7 m 2 AFM images of the surfaces after oxidation are given, where the upper and lower images correspond to oxidations carried out at 25 and 800°C, respectively ͑for V the highest temperature reached was only 500°C due to the large increase in surface roughness͒. To allow for comparison, all AFM images, with the exception of V at 500°C, have a similar z-scale of 40 nm. Because of the much larger increase in roughness of the V sample, a z-scale of 300 nm is required ͓Fig. 2͑b͔͒. From the images it is apparent that the response of all four samples can be subdivided into those samples that undergo a significant change, as in the case of V and VN ͑Fig. 2͒, and those that are more resistant to oxidation, namely, TiN and TiAlVN ͑Fig. 1͒. In all cases, the oxidation at 25°C produced negligible increases in roughness when compared to the clean samples.
The largest changes to the surface morphology are observed upon oxidation of V and VN. The behavior of these samples contrasts with the behavior of TiN and TiAlVN. The latter surfaces are much more resistant to oxidation, as illustrated by their comparatively smoother surface after oxidation at 800°C. It is worthwhile noting that the oxide growth, as seen in the AFM images in Figs. 1 and 2, is not uniform. Surface irregularities of the polycrystalline coatings give rise, upon oxidation, to large grains of the order of 500 nm-1 m in size on all samples with the exception of TiAlVN.
A multiplot of the surface rms roughness of each sample, normalized to the initial conditions ͑sputtered clean surface͒, is given in Fig. 3 . As is apparent from the multiplot, a 50 000 L O 2 dose at 25°C has a negligible effect on all samples. However, above 300°C all samples, with the exception of TiAlVN, undergo a superlinear increase in surface rms roughness. The sharp onset of surface grain growth for V, VN, and TiN begins approximately at 300, 500, and 700°C, respectively. At temperatures above the onset temperatures, the rate of increase of surface roughness also increases nonlinearly ͑with the exception of VN͒. This suggests that as the temperature of oxidation increases, more metal is becoming available for oxidation ͑or metal oxides already formed are increasing their oxidation state͒. The addition of nitrogen to V to form VN seems to have increased the temperature at which the surface oxidizes. However, there is a simple explanation. The VN sample has about half the density of V atoms at the surface compared to the pure V surface. Likewise TiAlVN only has a small proportion, around 15%, of V at the surface ͑from XPS͒. 15 Thus if V is the largest contributor to the increase in surface roughness this may well explain some of the data. For this reason the effective activation energy of oxidation, and not the absolute amount of oxide, will be of most interest. This will be discussed later in more detail. The horizontal ͑7 ϫ 7 m 2 ͒ and vertical ͑40 nm͒ scales are the same, with the exception of V oxidized at 500°C, where the vertical scale is 300 nm. The surface roughness of both samples increases upon oxidation; however, the effect is more pronounced with the V coating.
A natural log plot of the evolution of surface roughness as a function of oxygen dose at a constant 800°C is given in the inset of Fig. 3 . The approximately linear relationship in the natural log plot indicates that the oxidation is proceeding via first order kinetics. The larger the slope, the more easily the surface is oxidized. Thus the order of increasing reactivity suggested by the natural log plot, TiAlVN, TiN, and VN, agrees with the results from the oxidation at different temperatures in Figs. 1 and 2.
The results from the grain segment analyses of the AFM images are given in Fig. 4 . A segment is defined as an island outlined by height contours above a threshold height of zero in the plane-corrected AFM z-image. Segment images ͑not shown͒ and their corresponding height histograms describe the surface roughness on a larger scale than that described previously above. From the inspection of Fig. 4 , the histograms can be subdivided into two groups: those that have a tight distribution and those with a flat distribution. TiN and TiAlVN belong to the former group and V and VN fall into the latter group ͑see Table I͒. A flat segment height histogram describes a surface where segments on the surface have a wide range in average height values-essentially the surface may be rough but not uniformly rough-whereas a tight distribution describes a surface where the surface may be rough but is uniformly rough. From the histograms, TiAlVN has about half the distribution width of TiN after oxidation at 800°C ͑note different x-axis scaling͒. This difference con- The tighter the distribution of segment heights, the smoother the surface is on a large horizontal scale ͑ϳ1 m͒ when compared to a surface with a broader distribution. TiN oxidized at 900°C has a large rms roughness of 27.8 nm, but has a more uniform roughness on a larger scale when compared to V oxidized at 500°C. Note the different x-axis scaling for the various samples. firms that TiAlVN has a smoother surface. The implications of the lack of roughness uniformity of VN and V will be discussed later.
B. Oxide volume analysis
The second method employed to determine the amount of oxide produced is a total grain volume analysis of the surface. By measuring the increase in grain volume upon oxidation, morphology changes in the lateral as well as vertical dimensions are considered. In roughness measurements, grain coalescence upon oxidation will tend to reduce the overall roughness measured. Since these TM nitride coatings are considered for use as low friction coatings 16 the roughness plays a vital role; however, in order to understand the differing behavior upon oxidation, the total metal oxide produced is a more relevant indicator. Positive contributions to the surface oxide volume may arise from the oxidation of Ti or V and the migration of oxidized species that leads to an increase in surface grain volume. Negative contributions, such as annealing of the surface at elevated temperatures, will tend to reduce the surface grain volume measured. Thus the activation energy calculated is an "effective" activation energy for oxidation. Note that in the case of TiN and TiAlVN only the slope of data points greater than 600°C were used as this coincides with the onset of oxide growth ͑from Fig. 3͒ .
The plots of surface grain volume versus temperature obtained from the AFM images of oxidation at a constant dose of 50 000 L O 2 in Figs. 1 and 2 are given in Fig. 5 . The volume growth factors, normalized to the total segment volume of the sputtered clean surface, are given in Table I . The onset temperatures of oxide volume growth, from Fig. 5 , are 600, 500, 400, and 300°C for TiN, TiAlVN, VN, and V, respectively. These values concur with the roughness measurements presented above, with the exception of TiAlVN which undergoes an increase in oxide volume only above 500°C. As will be shown later, the origin of this high temperature growth becomes apparent when the kinetics of the oxide volume growth are examined. Note how the total surface grain volume of TiAlVN is observed to decrease up to 500°C due to the annealing of the surface without much oxidation. As will be shown, this trend towards a decrease in volume is counteracted, at temperatures above 500°C, by the oxidation of the V and V nitride components in the TiAlVN coating.
The results of the volume analyses illustrated in Fig. 5 , when plotted in the form of an Arrhenius plot, allow the effective activation energy for the increase in volume to be determined. Since the experiment methodology measures the oxide growth indirectly, the effective activation energy determined here will deviate from the true chemical oxidation activation energy due to contributions to the increase in oxide volume from the mobility of metal atoms and oxide ions. In Fig. 6 , the linear slopes of the scatter plot are related to the activation energy, E A , by the following relationship: slope = E A / k B where k B is Boltzmann's constant. The calculated values of the activation energy are listed in Table I . Straight lines are fitted to the data points at temperatures above the onset of oxide volume growth as established from Fig. 5 ; e.g., for TiN the straight line is fitted to the growth at temperatures Ͼ600°C. The activation energies calculated are of the correct order of magnitude ͑ϳeV͒ that is expected for metal oxidation in the absence of catalysts. For example, the activation energy for the oxidation of Fe on a surface has been measured 14, 19 to be between 0.3 and 1 eV depending on conditions. As can be seen from Fig. 6 , V, VN, and TiAlVN all have a similar gradient and hence effective activation energy of 0.4-0.5 eV. This is in contrast to TiN which has a much larger effective activation energy for oxidation. 
C. PEEM measurements
A second set of identical samples of V, VN, TiN, and TiAlVN was investigated by PEEM. Due to the large increase in workfunction upon heavy oxidation, PEEM was used to monitor the changes to the sputtered clean surfaces upon oxygen exposure with only small doses of the order of 5 L. In Fig. 7 , PEEM images of TiN and TiAlVN sputtered clean ͓͑a͒ and ͑c͔͒ and after dosing oxygen with subsequent heating to 300°C surfaces ͓͑b͒ and ͑d͔͒ are given ͑the gentle heating of the surface after oxidation was found to increase the surface topographical contrast in some cases͒.
The surfaces of VN and V samples were homogeneously featureless and are therefore not presented. The large field of view, available with PEEM, is useful as it gives a better overall impression of the surface features when compared to the smaller scale NC-AFM images. Figure 7 shows surface structures of the order of 5-50 m on the oxygen exposed surfaces of TiN and TiAlVN that were not seen by AFM. On the sputtered clean surface of TiN in Fig. 7͑a͒ there are several areas of geometriclike shapes with weak contrast. Upon oxygen exposure and subsequent heating the contrast observed increases and allows the identification of brighter intensity region labeled A and a darker region surrounding them labeled B in Fig.  7͑b͒ . These features most likely reflect differences in crystalline orientation and their reactivity towards oxygen. For the multicomponent TiAlVN, on the sputtered clean surface in Fig. 7͑c͒ there is a slight topographical contrast that is once again improved by oxidation and subsequent heating as can be seen in Fig. 7͑d͒ . In this case there are four different regions labeled C, D, E, and F in order of increasing brightness. The majority of the surface of TiAlVN is mostly of type E. The origin of this feature will be discussed later. The absence of topographical contrast on the surface of the V sample ͑not shown͒ is presumably due to the presence of only one component. This distinguishes it from the surfaces of TiN and TiAlVN. It is interesting to note that, whereas in Fig. 7͑b͒ there is an obvious chemical contrast on the surface of TiN, none was found on the VN surface ͑not shown͒. This is most likely due to a more homogeneous grain distribution of VN and no PEEM-resolvable phase separation of V oxides and V oxynitrides on the surface.
To illustrate the behavior of the TM nitride coatings upon dosing oxygen, in Fig. 8 , a sequence of images of the surface of TiN after doses of 2, 4, and 6 L oxygen at room temperature is given. As is apparent, the surface progressively darkens in tandem with increased oxygen dose. This is the result of an overall increase in surface workfunction decreasing the yield of photoelectrons observed. In the last image the surface is completely dark and no topographical contrast is observed. Upon mild heating the surface contrast is improved as shown, for example, in Fig. 7͑b͒ .
The photoelectron emission spectra for all the samples, sputtered clean and oxygen exposed surfaces ͓with no sub- 
084902-6
Fleming, Surnev, and Netzer J. Appl. Phys. 102, 084902 ͑2007͒ sequent heating-as is the case for Fig. 8͑c͔͒ , have been measured using the PEEM energy filter and are given in Fig.  9 with the corresponding measured workfunctions in Table  II The workfunction of all surfaces increases upon dosing oxygen. Clearly at this stage of exposure the workfunction change is a consequence of chemisorption of oxygen. The similarity of the photoemission profiles ͓Fig. 8͑a͔͒ and the change, ␦, of the workfunction of region E and the VN sample is consistent with VN precipitates on the surface of TiAlVN. After oxygen exposure regions A and B of TiN also show very similar photoemission profiles. This suggests that the different contrast between A and B in Fig. 7͑b͒ is due to different grain orientations rather than compound phase separation.
IV. DISCUSSION
As mentioned in the Introduction a number of factors contribute to the oxidation of materials. Here we will concentrate on the morphological aspects as can be probed at the surface. The AFM images in Figs. 1 and 2 clearly show that all surfaces, with the exception of TiAlVN, readily roughen upon oxidation. The oxidation leads to surface growths of granular appearance with typical sizes in the range of 500-1000 nm. These grains are a factor of 100 greater in size compared to the grain sizes measured by transmission electron microscopy ͑TEM͒, of 5 -50 nm, on surfaces prepared under similar conditions. 2 This indicates that the grains observed by AFM are composed of between 10 2 and 10 4 smaller grains 20 ͑each small grain may be of varied composition͒. These large polycrystalline grains will therefore have a highly branched network of intergrain boundaries, fissures, and cracks. The growth observed upon oxidation will therefore be most likely dominated by the subsurface network of available paths for oxygen diffusion into the bulk and metal atom migration to the surface for oxidation. In this framework, the apex of the mounds on the surface is formed by the presence of high atom flux pathways directing metal atoms towards the surface and fissures allowing oxygen to diffuse deeper. The branched network will lead to a significant subsurface volume being readily oxidized. It is this subsurface oxidation that leads to a bulge on the surface of lateral dimensions in the 500-1000 nm range and not small grain coalescence into large grains. Eventually a positive feedback 
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is established whereby an increase in porosity of the metal oxide layer, arising from intergrain stress/strain releases, leads to further pathways being created that will lead to deeper subsurface oxidation. At the surface the effect of deep subsurface oxidation begins to have less of an impact due to an approximate r −2 dependence ͑where r is the depth from the surface͒. The only sample that appears to be fairly inert to oxidation is TiAlVN. XPS studies of the oxidation of this surface indicate that a passivating layer of aluminum oxide forms on the surface and prevents further oxidation. 15, 21 Aluminum has a low melting point, and will thus likely diffuse to the surface whereupon it will form Al 2 O 3 which has a very high melting point. At low temperature, this protective barrier will also stop V atoms from migrating to the surface and in this manner prevents oxidation. However, at temperatures above 500°C, data from the effective activation energy indicate that V is present on the surface and available for oxidation. PEEM and XPS data also suggest that VN and its oxide product VO x N y are present on the surface ͑most probably due to previous heating and cooling cycles͒. It is worth considering that if the aim is to bring V atoms to the surface to be oxidized into lubricating Magnéli phases of V oxides, then small grain sizes, with their large inherent subsurface grain boundary interfacial area, will give V atoms easier access to the surface. The added benefit is that small grain sizes increase the hardness 22 of a material as described by the Hall-Petch relationship. Luckily, the grain size can be controlled by the deposition conditions as it is not singularly dependent on the chemical properties.
From the roughness versus temperature multiplot, in Fig.  3 , the behavior of VN is different to that of TiN and V. At temperatures below 400°C the surface roughness does not increase, but above this threshold temperature the volume of oxide at the surface does increase. This is the same threshold temperature for the onset of the low friction regime of the VN surface. 23 Thus this confirms that the decrease in friction is directly related to the precipitation of V oxides on the surface. XPS studies show that VN preferably oxidizes to oxygen deficient Magnéli phases such as VO 2−x rather than V 2 O 5 at 600°C in UHV conditions 24 ͑in air V 2 O 5 formation becomes more favorable͒. VN is also unusual in that the increase in roughness of the VN surface becomes pseudolinear above 600°C. This can be explained by considering factors that may negatively contribute to the final surface roughness. For instance, oxidation of a metal surface, at elevated temperatures, whereby one or more low melting point metal oxides are formed, 25 will result in two competing processes determining the final roughness of the surface. A high surface mobility of low melting point metal oxides will mitigate vertical grain growth in favor of a smoother surface ͑to minimize the surface free energy͒. So long as no cold spots act as a nucleation center, which is highly unlikely on a surface with features protruding on a nanometer scale, as is the case here, the effect will push towards a smoother surface. In fact, another well known size effect on the nanoscale, whereby smaller particles will tend to have a lower melting point, 26 may also play a role in maintaining a smooth surface. Therefore the pseudolinear increase in roughness of the VN surface can be ascribed to the onset of an annealing process at temperatures above 600°C counteracting the increase in roughness due to oxide growth. TiAlVN is the only sample measured where an effective decrease in the rms roughness is observed. As can be seen in Figs. 3 and 5 and in Table I , this coating smoothens when compared to the other samples measured. This arises because the positive contribution to the surface roughness ͑i.e., oxidation͒ is negligible compared to the annealing process. TiAlVN appears to be highly resistant to oxidation when compared to the other samples even at 800°C. However, the approximately monotonic decrease in rms roughness over the temperature range measured is, in fact, misleading when compared to the total oxide volume analysis performed on the same surface ͑see Fig. 5͒ . The linear increase in the plot of the natural log of the rms roughness versus O 2 dose at a constant temperature of 800°C describes a first order kinetic reaction of the form ͓A͔ = ͓A 0 ͔exp͑kt͒, where ͓A 0 ͔ is the initial concentration, k is the reaction rate, and t is time. The general trend is of course towards an increase in roughness ͑the product͒ as the oxygen dose increases. From inspection, the relative rate of increase in roughness, when comparing samples, agrees with the roughness versus temperature data in Fig. 3 . The differing behaviors can be explained by the lack of V atoms, and hence absence of mobile V oxides, in the TiN sample. As described above in the case of TiAlVN the aluminum oxide forms a protective layer that prevents V from diffusing to the surface at low temperatures. It is also plausible that the presence of aluminum atoms that oxidize into a high melting point oxide will self-heal cracks and fissures opening up between grain boundaries. This will decrease the area of the gas-solid interface thus preventing deeper bulk atoms from becoming oxidized and contributing to the roughness.
Segment analysis ignores local variations in height as it assigns segment areas ͑500-1000 nm͒, comprising several or many grains, and average height. Thus the histograms in Fig. 4 give a graphical representation of the deviation from the average roughness of the sample. TiN, oxidized at 900°C, illustrates this point. This surface of TiN has a rms roughness of 27.8 nm ͑from the original z-image data͒ which is comparable to the surface rms roughness of V oxidized at 500°C ͑27.5 nm͒. However, comparison of their segment height histograms clearly shows that although TiN is rough it is more uniformly rough compared to V. A nonuniform roughening may arise from larger size crystalline grains decreasing the density of atom flux pathways to the surface. This will result in areas near the grain boundaries roughening at a faster rate than areas over large crystalline regions. Comparing the other histograms for surfaces oxidized at 800°C indicates that the nitride surfaces have a smaller amount of oxide growth and are more uniform in height over large distances ͑several microns͒ than the V surface. For TiAlVN, the surface shows an increase in oxide volume above 500°C even though the rms roughness of the grains is decreasing. Thus the oxide forming must be mobile enough to fill valleys and in this manner reduce the roughness. If one neglects the material properties and considers only the surface topography in relation to the expected friction of a microsize particle traveling over a surface, then TiN and TiAlVN fare pretty well, in that the work done to travel over the surface is small when compared to the less uniform and rougher surfaces of V and VN. However, friction measurements of VN show a large decrease in friction ͑of more than 50%͒ above 400°C despite it being less uniform and rougher. 16 This indicates that the oxide product on the surface of VN must be soft in order to compensate for its rough and nonuniform topography ͑this will also allow it to spread over the surface thus enhancing lubrication͒.
Comparison of the oxide volume plot ͑Fig. 5͒ with the respective roughness plot ͑Fig. 3͒ indicates that in most cases the behaviors of both parameters are similar, with the exception of TiAlVN. This is due to the fact that for V, VN, and TiN, the growth sites do not radically alter shape during growth-hence the simple relationship between height and volume. For TiAlVN the rate of annealing exceeds the rate of oxidation and thus the surface is observed to decrease in roughness at temperatures below 500°C. However, the AFM image and volume analysis indicate that oxidation does take place at temperatures above 500°C-with oxidation products uniformly distributed over the surface, which agrees with the findings in Ref. 4 . This suggests a good mixing of all the components of TiAlVN in the bulk and surface, which is confirmed by the segment height histograms in Fig.  4 and the PEEM image in Fig. 7͑d͒ . Which element is responsible for this high temperature oxidation is, in fact, revealed by the Arrhenius plots.
It is interesting that all samples which contain V atoms have a similar slope, and hence similar activation energy, as illustrated in the Arrhenius plots in Fig. 6 . This reveals that V atoms are the largest contributor to the oxide growth on the TiAlVN surface. These activation energies, given in Table I , are smaller by a factor ϳ0.3 compared to TiN, and thus correctly indicate that Ti is harder to oxidize than V and confirms that the growth on the surface of TiAlVN is due to the oxidation of V atoms. The calculated value for the activation energy for the oxidation of TiN, 1.6± 0.2 eV, is less than the activation energy of 2.05 eV measured elsewhere. 27 Interestingly, the activation energy for vacancy/point defect diffusion in TiN has been measured 28 to be 2.09 eV. Thus the reason the effective activation energy, measured here from the growth in oxide volume, is lower may be due to a contribution to the oxide growth from intergrain diffusion of Ti and TiO 2 and the AFM technique integrating the volume expansion over a larger subsurface region.
PEEM images of the surface indicate that the surfaces of TiN and TiAlVN have several regions of different contrasts, as shown by the workfunction contrast. The heterogeneity of the TiN and TiAlVN surfaces implies that regions with different workfunctions are present on the surface. These regions are due to precipitation occurring during deposition at 400°C. Heating at elevated temperatures ͑ϳ800°C͒ in UHV and in an oxygen atmosphere resulted in no changes to the size and composition of these surface precipitates, thus implying that thermal equilibrium had already been reached during deposition. Heating in UHV at 800°C after oxidation was found to restore the surface contrast to the preoxidation state.
The nature of the geometry of the bright precipitate A on TiN could be of crystalline origin; however, as indicated in areas 1-3 in Fig. 7͑b͒ , the precipitate is skirting around preexisting depressions/scratches on the surface. This confirms that the growth is not related to a crystalline region in the bulk, instead it is a surface precipitate that is being arrested at these cracks and prevented from spreading further. This is in agreement with previous conclusions that the oxide is formed by material migrating to the surface via a network of grain interfacial boundaries.
PEEM photoelectron emission spectra of the surface of TiN and TiAlVN confirm some of the results obtained by AFM. For TiAlVN, the photoemission spectra, combined with the activation energy calculated from oxide volume determined from AFM images, strongly suggest that the precipitate on the surface ͑area E͒ is VN. Thus the similarity in activation energy for the oxidation of the surfaces of TiAlVN and VN discounts the possibility that other compounds such as AlN, although with a similar workfunction ͑see caption of Table II͒ to region E, could be the major contributor to the oxidation of the surface of TiAlVN.
V. SUMMARY
The combination of AFM and PEEM measurements in UHV on TM nitride coatings has allowed the surface properties to be investigated. Roughness measurements as a function of oxygen exposure at various temperatures up to 800°C indicate that all surfaces with the exception of TiAlVN roughen upon oxidation. For the V containing surfaces the extent of roughening was found to be principally determined by the relative density of V atoms. Oxide grain volume analysis of the surfaces demonstrated a good correlation with the rms roughness measurements with the exception of TiAlVN. The onset of oxidation for this surface was measured to be 500°C even though the annealing trend ͑as Fleming, Surnev, and Netzer J. Appl. Phys. 102, 084902 ͑2007͒ measured by rms roughness͒ persists up to 800°C. The tight distribution of the histograms of the grain heights on the surface of TiAlVN confirms that the annealing process leads to a uniformly smooth surface. From the Arrhenius plot of the oxide grain volume as a function of temperature it was found that the oxidation activation energy of all V containing samples was similar. From this it was determined that the oxidation of V atoms must be responsible for the increase in roughness of the surfaces of V, VN, and TiAlVN. Furthermore, the similarity between the photoemission spectra of the E region of TiAlVN to VN confirms the presence of VN precipitates on the surface of TiAlVN.
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